Objective: To examine whether cognitive reserve (CR) attenuates the initial impact of traumatic brain injury (TBI) on cognitive performance (neural reserve) and results in faster cognitive recovery rates in the first year postinjury (neural compensation), and whether the advantage of CR differs on the basis of the severity of TBI. Setting: Inpatient/outpatient clinics at an academic medical center. Participants: Adults with mild TBI (mTBI; n = 28), complicated mild TBI (cmTBI; n = 24), and moderate to severe TBI (msevTBI; n = 57), and demographically matched controls (n = 66). Design: Retrospective, longitudinal cohort assessed at 1, 6, and 12 months postinjury. Main Measures: Outcomes were 3 cognitive domains: processing speed/executive function, verbal fluency, and memory. Premorbid IQ, estimated with the Wechsler Test of Adult Reading, served as CR proxy. Results: Higher premorbid IQ was associated with better performance on cognitive domains at 1 month postinjury, and the effect of IQ was similarly beneficial for all groups. Cognitive recovery rate was moderated only by TBI severity; those with more severe TBI had faster recovery in the first year. Conclusion: Results support only the neural reserve theory of CR within a TBI population and indicate that CR is neuroprotective, regardless of the degree of TBI. Higher premorbid CR does not allow for more rapid adaptation and recovery from injury.
T RAUMATIC BRAIN INJURY (TBI) affects 1.5 million to 2 million Americans each year 1, 2 and is often associated with deficits in processing speed, attention, memory, language, visuospatial processing, and executive functioning.
3,4 While some individuals experience a quick cognitive recovery and return to premorbid functioning within 3 months after TBI, others maintain deficits a decade or longer despite rehabilitation attempts. 4 Researchers have noted that injury severity, as measured by posttraumatic amnesia, loss of consciousness, and/or Glasgow Coma Scale (GCS), is a major predictor of immediate and long-term cognitive outcome following TBI 3 ; however, there is significant E19 person's cognitive processing systems, which protect these networks from disruption following injury to the brain. Essentially, when neuropathological damage is equivalent between individuals, those with higher CR will demonstrate fewer cognitive and functional deficits relative to those with lower CR. [9] [10] [11] Numerous studies have determined that higher premorbid educational and occupational attainment is associated with better immediate and long-term postinjury cognitive and functional outcome, [12] [13] [14] [15] [16] [17] [18] [19] providing support for this theory. Interestingly, 2 studies have found evidence that the effect of CR may differ depending on the severity of TBI. Jeon et al 17 found that having higher CR was a protective factor for adults with TBI, but the effect weakened as TBI severity increased. Similarly, Fay et al 20 determined that having lower CR was a risk factor for worse outcome in children with complicated mild TBI (cmTBI), but not for those with mild TBI (mTBI). The results of these studies indicate that individuals may reach a level of neuronal and axonal injury at which preinjury CR is no longer beneficial to their recovery.
The neural compensation model of CR posits that certain individuals' existing brain networks are more capable of adaptation and network reorganization following injury. This model posits that individuals with higher CR are able to recover more rapidly from pathological disruption of preexisting networks by enlisting compensatory networks (ie, neuroplasticity). [9] [10] [11] Longitudinal studies assessing whether CR predicts rate of cognitive recovery are critical for providing evidence for the compensation model in a TBI population. Unfortunately, few studies have approached this topic, using statistical methods that allow for prediction of rate of change (eg, mixed modeling). These studies failed to find a relationship between CR and recovery trajectories in the first year postinjury on any of the cognitive or functional domains assessed. [21] [22] [23] [24] As previously stated, some evidence exists that the benefit of CR during recovery may be tempered in those with more severe head injury. 17, 20 Since all of these studies primarily involved individuals with moderate to severe TBI (msevTBI), it is possible that the compensation model applies only to those with milder TBI; however, this has yet to be investigated.
To our knowledge, this is the first study to assess whether CR, as measured by estimated premorbid IQ, predicts cognitive outcome at 1 month postinjury and rate of recovery over the first year postinjury using the full spectrum of TBI severity (healthy controls, mTBI, cmTBI, and msevTBI). First, we hypothesized that those with higher levels of CR would have better initial postinjury cognitive function (neural reserve). Second, we hypothesized that those with higher levels of CR would have faster cognitive recovery rates in the first year after injury (neural compensation). Third, we examined whether the benefit of CR differs on the basis of TBI severity. We hypothesized that relative to controls, the advantage of CR on initial cognitive outcome will weaken as TBI severity level increases. We also hypothesized that, relative to controls, CR will have the strongest effect on rate of recovery for those with msevTBI in comparison to the other TBI groups.
METHODS

Participants
Participants with TBI (n = 109) and demographically matched controls (n = 66) were enrolled from the University of Alabama at Birmingham (UAB) between 2007 and 2011 as part of a larger NIH-funded longitudinal study investigating medical decision making in TBI. 25 Consistent with the protocol established by the TBI Model System program, participants with TBI were recruited from the UAB hospital system and initially assessed within a window of 2 to 6 weeks after injury, with a goal of assessing at 1 month after injury. 26 Participants were also assessed at 6 and 12 months postinjury with a 2-week scheduling window on either side.
A board-certified rehabilitation neuropsychologist assigned a TBI severity level of mTBI (n = 28), cmTBI (n = 24), or msevTBI (n = 57) using diagnostic criteria that has been well-described previously [27] [28] [29] (see Table 1 ). Individuals with penetrating brain injuries (eg, gunshot wound) were excluded from the study. Patients were excluded if they had received substance abuse treatment within 1 year of enrollment (per patient/family report) or had a preexisting diagnosed central nervous system disorder, developmental disorder, or severe psychiatric disorder. Individuals with a prior mTBI were included if their previous injury occurred at least 1 year before enrollment; however, all those with a history of msevTBI were excluded.
Healthy controls were recruited through local advertisements and selected to match participants with TBI on demographic variables of age, gender, ethnicity, and education. Controls were excluded if they had been diagnosed with a psychiatric disorder (except mild depression), substance abuse, cerebrovascular disease, or other neurological disease. None of the controls were taking medications known to affect cognition.
Participants completed a battery of neuropsychological measures at each visit. Written informed consent was obtained from each participant or a legally authorized representative. The UAB institutional review board approved the study procedures. All enrolled patients with TBI were capable of participating in the cognitive evaluation as judged by the study neuropsychologist, although not all patients had achieved full orientation at the time of the baseline assessment. Twenty-five patients with TBI and 17 controls did not complete all 3 visits due to the following reasons: scheduling problems (7%), no longer interested in participating (7%), moved/distance (5%), and unknown/other (81%). Noncompleters did not differ from completers with regard to demographic variables, estimated IQ, TBI classification/GCS score, or baseline cognitive outcomes.
Measures
Wechsler Test of Adult Reading
Word pronunciation tests are commonly used "hold" tests, which are neuropsychological measures thought to be unaffected by neurological damage. They have been used as premorbid IQ estimates in a variety of cognitively impaired populations. [30] [31] [32] [33] One such word pronunciation task is the Wechsler Test of Adult Reading (WTAR). 34 The WTAR is composed of 50 words with irregular pronunciations that participants read aloud. The raw score can be transformed to an age-adjusted standard score, which is used together with the participants' demographic information (age, gender, race, education) to predict IQ (M = 100; SD = 15). The WTAR was conormed with the Wechsler Adult Intelligence Scale, Third Edition (WAIS-III), 35 and has been validated even in populations exhibiting questionable effort.
36
Neuropsychological measures
All participants were administered a standardized battery of neuropsychological tests shown to be helpful in distinguishing TBI-related cognitive deficits from normal cognition. 37 As a data reduction step to control the number of experiment-wise analyses, composite cognitive indices were created by transforming raw neuropsychological test scores into z scores using published normative data, referenced later. Domains were created by averaging the z scores for each test within the domain (M = 0; SD = 1). The domains are as follows: 41 If participants were missing more than half of their individual raw test scores for a domain, they were excluded from analyses. Otherwise, we averaged the tests that they had available.
Data analysis
Demographic and clinical variables were compared between the 4 groups using 1-way analysis of variance for continuous variables and Pearson chi-square tests for dichotomous variables.
Mixed-effects models were used to examine the interaction between injury severity and CR on the initial status and rate of change over time (or slope). Separate models were used for each of the 3 cognitive domains. Mixed models were chosen for analyses as they incorporate all participants in the estimation, regardless of how many waves of data they contribute. 42, 43 Data were first modeled using an unconditional means model, which describes and partitions outcome variation in the absence of any within-or between-subject predictors. Next, data were modeled using level 1 (ie, "unconditional growth") models, which incorporated the effect of time (measured in months; centered on 1 month postinjury, which was the initial time point of assessment). Because individuals completed only a maximum of 3 visits, a linear effect for time was selected. Level 1 models assessed whether there was sufficient variation in initial status and growth trajectories that other Copyright © 2018 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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predictor variables might explain. These parameters (initial status, rate of change) are then treated as outcomes in level 2 (ie, "conditional growth") models. These models assess whether between-subjects variables, including WTAR-predicted IQ (centered on population mean of 100), TBI severity (controls as reference group), and the interaction between IQ × TBI severity, predict initial status, and/or moderate rate of change (ie, have a significant interaction with "Time"). As both the outcome variables and WTAR-predicted IQ were already adjusted for demographic variables, these were not added as covariates to the model. Final level 2 models were constructed using only significant predictors from the prior model. Restricted maximum likelihood was used for parameter estimation. An unstructured error covariance structure was selected, as it is the least restrictive and recommended for analyses using few waves of data. 42 The Aikaike Information Criterion was used to determine whether the inclusion of additional predictors improved the model over the previous one. The assigned significance level for analyses was P < .05. Table 2 lists the causes of TBI. Table 3 presents demographic/clinical variables for the groups. Individuals with cmTBI were older than the controls and those with msevTBI, there was a higher proportion of nonwhite participants in the mTBI group than the other 2 TBI groups, and participants with msevTBI had a higher percentage of males than all other groups (all P < .05). As expected, the msevTBI group had the lowest Galveston Orientation and Amnesia Test (GOAT) scores at 1 month postinjury. Of note, the msevTBI group had significantly lower estimated IQ than controls (mean difference of 9.8 IQ points); however, they were still well within the normative "average" range. Cognitive outcome Table 4 presents the group means and standard deviations for each of the cognitive domains over time. Table 5 presents the estimated parameters from the 2 main fitted models (level 2 conditional growth models with all hypothesized predictors and interactions and the final, reduced level 2 models with only significant predictors) for each of the cognitive domains.
RESULTS
Demographic and sample characteristics
Examination of the variance components from the unconditional means model (not displayed in Table  5 ) revealed that there was sufficient between-subjects variation in processing speed/executive function, memory, and verbal fluency, accounting for 74.8%, 61.0%, and 62.5% of total variation for each domain, respectively. Variance components from level 1 unconditional growth models (also not displayed in Table 5 ) suggested that the linear effect of time explained an adequate portion of within-person variation. In addition, there was significant between-person variation in initial status (but not in slope) remaining, suggesting that a level 2 conditional growth model with between-subjects predictors would be beneficial. Finally, this model showed that higher initial cognitive status was negatively correlated with rate of change across all domains (all P < .05).
The results from the initial level 2 models, which included all hypothesized predictors and interactions, revealed that TBI severity and WTAR-estimated IQ, but not their interaction, significantly moderated initial level of impairment on all 3 cognitive domains. Only TBI severity significantly moderated rate of change for each of the cognitive domains.
The final level 2 models included only these significant main effects. With regard to the effect of CR on outcome, a 10-point increase in estimated premorbid IQ was associated with a cognitive domain standard deviation increase of 0.31 for processing speed/executive function domain, 0.37 for memory, and 0.25 for verbal fluency (calculated by multiplying the effect of IQ by 10; all P < .001).
At 1 month postinjury, controls did not differ from the population mean on processing speed/executive function or memory domains; however, they did significantly improve over time in both of these domains, indicating practice effects on these measures. In contrast, controls performed approximately a quarter of a standard deviation lower than the population mean on verbal fluency at the first evaluation and remained stable over time. Individuals with mTBI performed significantly worse than controls at 1 month postinjury on all domains, but their recovery trajectories did not differ from changes noted in performance among controls. Those with cmTBI and msevTBI performed worse than controls on all domains at 1 month postinjury and had significantly more rapid rates of change than controls, reflecting recovery of cognitive abilities. Figure 1 displays average recovery on each cognitive domain by severity group and high/low predicted IQ. Given that our TBI groups differed in premorbid IQ, models were reanalyzed with the effect of TBI severity excluded to determine whether TBI severity significantly accounted for the IQ effect. The effect of IQ remained nonsignificant, which indicates that the confounding of TBI severity and premorbid IQ did not markedly influence results.
DISCUSSION
This study found evidence that higher CR is associated with better cognitive performance in all tested domains, providing evidence for the neural reserve model of CR in this population. To illustrate the clinical significance of these findings, compare 2 individuals recovering from TBI: one with a high average premorbid IQ of 115 and the other with a low average IQ of 85. The individual with higher IQ performs 0.6 standard deviations better on the verbal fluency domain, 0.9 standard deviations better on the processing speed/executive function domain, and 1.2 standard deviations better on the a Values are averaged z scores presented as mean ± SD. Of those who completed the visit, the following numbers of subjects were excluded from specific domains because they were missing >50% of the variables for the domain: At 1-month postinjury, 1 was excluded from processing speed/executive function, 7 were excluded from verbal fluency, and 2 were excluded from memory. At 6 months postinjury, 1 was excluded from memory.
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TABLE 5
Initial status and rate of change over 12- memory domain shortly after injury in comparison to the individual with low average IQ. Given that this effect was identical for healthy, demographically matched controls and did not differ on the basis of the degree of brain injury (ie, there was no interaction between CR and TBI severity), these results did not support our hypothesis that having higher CR provides an additional buffer specifically for those with TBI. Importantly, we did not find evidence that CR reaches a level of damage at which it becomes less effective (ie, evidence of a brain damage threshold). Rather, these results suggest that the positive correlation between intelligence and cognition that exists in healthy adults is preserved following TBI.
Contrary to our second hypothesis, we did not find that CR impacts rate of cognitive recovery following TBI. These results suggest that the compensation model, which states that CR enables more rapid restoration of function via reorganization of brain networks, cannot be extended to a population of individuals recovering from TBI. One limitation of this work is that our first point of assessment was 1 month following injury, when some individuals, especially those with milder head injury, may have already experienced a full recovery. Future studies should seek to assess patients closer to the date of injury to capture the full recovery period and allow for more accurate prediction. In addition, cognitive trajectory was assessed at only 3 time points over Copyright © 2018 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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These results are consistent with the study of Green et al 21 , who also found an association between estimated premorbid IQ and performance on simple processing speed, untimed executive function, and memory measures at 2 months postinjury in a msevTBI sample. Their study, along with others, also failed to find a moderating effect of CR variables on recovery trajectory. [22] [23] [24] As expected, the severity of TBI negatively impacted initial performance and rate of recovery in all cognitive domains. Notably, we found differences in both initial status and rate of recovery between those with mild and complicated mild TBI. Clinicians should be aware that although an individual may fall in to the "mild TBI" category based on traditional diagnostic criteria (eg, posttraumatic amnesia, GCS, loss of consciousness), presence of intracranial damage (ie, "complicated" mild TBI) will negatively impact prognosis. Because of the insufficient number of participants with moderate TBI, we were unable to separate them from the severe TBI group for analyses.
Another strength of this study is that we included a wide breadth of cognitive domains to assess a larger spectrum of outcome in comparison to previous literature. Interestingly, across all groups, performance in the verbal fluency domain was the overall most impaired initially and had the slowest rate of improvement. Although statistical comparison of interdomain differences is outside the scope of this study, these results indicate that verbal fluency, which incorporates aspects of expressive language, processing speed, and executive function, may be particularly sensitive to the neuropathological effects of head injury. Targeting these skills heavily during the rehabilitation process may prove beneficial to outcome. Finally, it is important to note that individuals with an average level of intelligence fell within the "normal range" of functioning (±0.25 SD) on the memory and processing speed/executive function domains by a year following TBI of any severity. Although there may still be some deviation in performance on individual tests within a domain, overall ability should be broadly intact in these domains for individuals with estimated premorbid IQ of 100 or more.
Interestingly, our msevTBI group's predicted IQ was nearly 10 points lower than those of the other groups, despite similar demographics. There is evidence that word-reading tests may underestimate IQ in persons with moderate to severe TBI, [45] [46] [47] which could indicate that this measure does not accurately reflect the "cognitive reserve" concept in this subgroup. An ideal study would have information regarding intellectual performance before participants sustained their head injury, as this would be a true measure of premorbid IQ. However, this was not available for the current sample.
In conclusion, these results support the neural reserve theory of CR within a TBI population and there is no specific brain damage "threshold" at which reserve ceases to be beneficial. Our results suggest that the effect of CR is due to preservation of the relationship between intelligence and cognition following TBI. In contrast, having higher levels of premorbid CR does not allow for more rapid adaptation and recovery from injury. Thus, early intervention and cognitive rehabilitation efforts should be equally targeted regardless of estimated IQ. There are currently only a handful of studies using mixed modeling to determine which variables predict initial status and rate of recovery following injury. In addition, this is the first of these studies to assess whether there is an interaction between CR (ie, IQ) and TBI severity on outcome and rate of change, using the full severity spectrum of TBI and matched controls. The results of this study and others in this area have concluded that many preinjury variables do not appear to have a significant effect on recovery rate following TBI. These findings have favorable implications from a clinical perspective, since these are variables that are often difficult, if not impossible, to change. Therefore, future studies should turn to modifiable postinjury variables to account for variation in recovery. More detailed knowledge of the mechanisms influencing recovery will hopefully allow clinicians to further refine their ability in identifying survivors of TBI most at risk of cognitive impairment, individuals who are not recovering at expected rates, and develop treatment plans to address areas of cognitive function most likely to remain impaired following injury.
